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Abstract 
Thiswork ispart of a methodology and set of tools being developed to increase the accuracy of yield predictions for 
one- and two-axis-tracking photovoltaic plants. The paper presents enhancements incorporated to consider the effects 
of diffuse irradiance components. Focus resides on the calculation of shading losses based on an anisotropic sky 
model and considering the effects of the moving 3D tracker arrangement over a complex landscape. Shading factors 
for two ground-reflected- and three sky-diffuse-irradiance components are calculated individually, on a time-step 
basis, and for multiple points over the tracker plane. Simulation results are presented for an example two-axis-
tracking plant. Effects of geometrical framework, shading of different irradiance components, and simulation detail 
are discussed. A comparison with state-of-the-art simulation assumptions and practices is performed. 
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1. Introduction 
Accurate and reliable yield forecasts have become a necessityforproject planning and developmentin 
the increasingly competitive market of utility-scale photovoltaic plants;yet, in commercial simulation 
tools, a long series of simplifications and assumptionscurrently restrict simulation accuracy beyond the 
unavoidable uncertainty attributable to climatic variability.Transposition of horizontal irradiance into 
Plane of Array (POA), shading, and reflectionare among the largest sources of uncertainty in photovoltaic 
performance simulations.According to Vanicek and Haselhuhn[1] they can account for errors of upto 
±5%, ±3%, and ±2% respectively. In commercial software packagesbeam shading analysis is often 
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limited to simplistic geometrical descriptions of the PV-Plant (e.g. rectangular trackers, regular 2D 
arrays); excluding the possibility of precise array layout optimization. Shading of the diffuse irradiance 
components can have an effect of the same order of magnitude as that of beam shades (consider e.g. 
performance verifications on systems with back- or true-tracking [2]), yet its calculation is carried out, if 
at all, under the unrealistic isotropic assumption (see[2][3][4] and results in section 3). 
The present work focuses on the improvement of the aforementioned simulation aspects, while seeking 
to overcome other limitations in commercial simulation software (e.g. one-hour-time-step resolution; 
ability to model large, non-uniform arrays over complex terrain) which are becoming critical as larger and 
more complex projects are being developed, and increased simulation accuracy is sought after. 
 
Nomenclature 
 
GHI Global Horizontal Irradiance 
DHI Diffuse Horizontal Irradiance 
BNI Beam (Direct) Normal Irradiance 
POA Plane of Array 
G  Global incident irradiance 
B  Beam (direct) irradiance 
D  Diffuse irradiance component  
 ◌ j  ^ `U,,, isohbcsj circumsolar, horizon-brightening, isotropic, and albedo components, resp. 
◌ t  Variable on Plane of Array 
◌ s  Variableafter consideration of shading 
g  Shading factor 
zT c  Incidence angle 
zT  Solar zenith angle 
tT  Array (tracker) tilt angle 
WDK  Incidence Angle Modifier (IAM) function 
A  Area (solid angle) of a region in the visibility dome 
◌ p  Variable after Radiance-Preserving Projection 
1F c , 2F c  Weighting factors for the circumsolar and horizon-brightening components 
dk  Diffuse fraction, dk = DHI/GHI 
ρ Albedo factor 
λ Radiance / radiant intensity 
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2. Methodology 
Extensive literature exists on the problem of estimating POA incident irradiance from horizontal 
measurements (see e.g.[5][6][7][8][9]). The Perez et al. 1990 formulation for irradiance on tilted surfaces 
[10] was chosen as base model, and adjustments to account for shading were added. There are two main 
reasons for this choice: 
x In most of the consulted references it either yields the most accurate predictions or performs among 
the best models [ibid.]. 
x The model provides a well-defined geometrical interpretation of the diffuse irradiance components 
(borrowed from its first version, of 1983), which allows for a geometrical calculation of individual 
shading factors.  
The total incident irradiance over the tilted array plane is given by the sum of to beam, sky-diffuse, and 
albedo components. Written respectively as: 
ρ
t,s
sky
t,st,st,s +D+D=BG   (1) 
The following subsections discuss each of the terms in further detail.  
2.1. Beam Irradiance 
A Shading Analysis Tool uses geometrical methods to calculate shade polygons (if existing) for every 
tracker at every simulation time-step. Shading factors (ratio of not-shaded-area to total-element-area) for 
arbitrarily small elements over the array are calculated from the shade polygons, and the beam irradiance 
component over every area element is calculated as: 
 zzb,t,s K=gB TT WD cc cosBNI   (2) 
where gb is the beam shading factor for each element, zT c is the relative incidence angle of beam 
irradiance, and Kταan Angle of Incidence Modifier function, which accounts for differences in the 
module’s absorptivity of light incoming from different directions (see e.g. [11]). 
2.2. Sky-Diffuse Irradiance 
The 1983 Perez model estimated the total diffuse irradiance over a tilted surface as a weighted function 
of irradiance components from three sky regions: a horizon brightening (HB) band 6.5º wide, a 
circumsolar disk of 25º half-angle, and an isotropic component over the complete sky dome. Weighting 
factors 1F c and 2F c for the circumsolar and HB components respectively are ultimately functions of direct, 
diffuse, and extraterrestrial horizontal irradiances; optical air mass, and solar zenith angle (refer to [10] 
for a complete discussion). Already in 1987 analytical approximations were introducedandthe geometrical 
framework of the model simplified: the horizon brightening band was replaced with a thin horizon line, 
and the weight factor 2F c  no longer represents a physical fraction of diffuse irradiance incoming from the 
Horizon Brightening (HB) region, but more of an effect ‘on-top-of’ the isotropic irradiance ( 2F c can even 
take negative values – implying an abnormally bright isotropic region).[10]Since this is the most 
extensively validated version of the model, it is the one to be used as reference, yet the first version 
provides the geometrical framework necessary for a shading calculation. The way in whichthis wasfinally 
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implemented in our method can be written as: 
hb
thb
cs
tcs
iso
tiso
sky
t,s DgDgD=gD    (3) 
    2t1tisot FF=D cc TT sinDHI,0min1cos15.0DHI   (4) 
1
cs
t Fba=D cDHI ,  za= T ccos,0max ,  zb= Tcos,087.0max  (5) 
 2thbt F=D c TsinDHI0,max   (6) 
Where θt is the tilt angle of the surface, and θz is zenith angle of the sun (not to be confused with 
incidence angle zT c ). Equations 4 to 6represent the isotropic, circumsolar, and HB components before 
consideration of shading. The form of eq.6 and the second term for eq. 4 account for negative ܨଶᇱ values, 
transferring any ‘negative brightening’ effect to the isotropic region(otherwise shading of the HB would 
lead to greater overall irradiance).Shading for each component is considered by means of individual 
geometrical shading factors gj. Section 0 explains how these are calculated.  
2.3. Ground-Reflected Irradiance 
Inclusion of shading and horizon profile effects for the albedo irradiance component is rare in 
commercial software packages. In the best case an albedo attenuation factor (constant for the whole year) 
is used to account for near obstacles, and a linearly decreasing albedo coefficient is used for obstacles in 
the far horizon[3]. The simplifications above might work well for fixed modules (sheds), but in the case 
of tracking systems it is clear that the assumptions can be improved. The proposed approach is analogous 
to that for the sky-diffuse components, and can be written as: 
   > @dtdt,s kgk=D  1cos15.0GHI UU TU , UUU tst AAg ,   (7) 
The inclusion of diffuse fraction kd as a weighting factor is nothing but a separation of ground reflected 
irradiance into a diffuse albedo and a beam albedo. The first component is treated as isotropic and 
independent of obstacles (for simplicity, and considering its very small contribution). The beam albedo is 
modified by the solar-position dependent geometric shading factor gρ, which not only considers all 
obstacles in the scenario but also their projected shadows over the ground (see0).Since according to 
Ineichenet al. [12] the use of anisotropic reflection models does not substantially improve predictive 
accuracy, far-obstacles (horizon profile) share the same albedo value as the rest of the ground. 
 
 
Fig.1. a) Generation of tracker array and calculation of ground beam shades. b) Projection to tracker visibility dome. c) Projected 
regions for irradiance components, with and without consideration of shading. 
a) b) c) 
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Fig.2. Planar projection formulation for diffuse shading analysis. 
2.4. Calculation of Shading Factors 
For every region j in the visibility dome(i.e. the ‘field of view’from a given tracker point), the shading 
factor gjis calculated as a ratio of solid anglesoccupied by regionjbefore and after the inclusion of shades 
and obstacles.  
j
t
j
stj AAg ,    (8) 
Regions are defined as in the 1983 Perez model (see 2.2). In the case of a flat-horizon scenario with no 
obstacles shading factors reduce to 1 and equations 3 to 6 are equivalent to the unaffected Perez 
model.The complete algorithm to perform the calculation of shading factors can be observed in Fig.1, and 
synthesized in four steps:  
 
x Generation of solar-position-dependent 3D scenario in Cartesian coordinates. 
x Transformation of scenario to a spherical coordinate system centered at the point of analysisand with 
z’ axis normal to the tracker surface (visibility dome). 
x Radiance-preserving planar projection. 
x Intersection of polygons and calculation of areas with and without shading 
 
A detailed discussion on the first two steps lies outside the scope of this work, butQuaschning[13] 
offers a good synthesis of geometrical calculations useful for modeling of the trackers and calculating the 
projected shades. 
The motivation for the third step is to be able to use readily available algorithms (e.g. [14])to calculate 
flat areas instead of integrating a radiance function, as suggested in [13]. The chosen projection maps the 
absorbed radianceλKταfrom a region jtA of the visibility dome into a proportional area jpA of the 
projection plane (see fig.2). In mathematical terms: 
   ³³³³ ccccccc v 
j
t
j
p A
j
t
j
p
A
ppp AArr ITTTTITOI WD ddsincosK,dd   (9) 
If the simplification is made that the sky dome is isotropicwithin all regions jtA  in the visibility dome 
(e.g. all points in the circumsolar region are equally bright); and since for the calculation of shading 
factors only quotients of areas are involved; then radiant intensityλ becomes trivial,horizontal angle ϕ can 
be mapped directly (azimuthal projection, i.e.ϕ’ = ϕp) and the radii of the projected points can be reduced 
to a function of the zenithal angle:  
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³
c
ccc 
T
WD TTT
0
2 dK2sinpr   (10) 
If the simplification is made that   1 cTταK , the above equationreduces to an orthographic projection 
for all points in front of the tracker plane. For other IAM functions the solution can be evaluated 
numerically. The reference areas jtA are calculated in the same way, but using a flat horizon, no shading, 
and   1 cTταK . 
3. Results 
A 5×5 array of rectangular trackers arranged in a flat, regular grid was modeled for testing purposes. 
System dimensions, an infinitely distant horizon profile (red line in Fig.1b), and meteorological data were 
taken from a real site. A uniform albedo value of 0.2 was used, and the simulation performed in ½ hour 
steps. The results (Fig.3) include only the irradiance transposition calculation, and no electrical effects are 
yet included. Values correspond to a weighted average of 7 points over the center tracker; under two 
different scenarios (with and without a horizon profile for far-shading); and with three increasingly 
complex calculation schemes. 
 
 
Fig.3. Diffuse Shading Losses (percentage of annual global POA irradiance) per component, under different calculation schemes. 
Scenarios (a) and (d) use the state-of-the-art isotropic assumption for shading (POA irradiance is 
calculated with the anisotropic Perez model, but isotropic distribution is used for calculation of shading 
losses); (c) and (f) include all aspects described in section2.2; and (b) and (e) differ from these two only 
in that beam shades projected by trackers on the ground are not considered for albedo reduction. It is clear 
that the isotropic assumption significantly underestimates the strong shading effects in the circumsolar 
and horizon brightening components, leading to differences in the order of 1% of yearly incident 
irradiance (both with and without far-shading). Consideration of ground shades in albedo shading leads to 
a 0.36% reduction in both scenarios, which is in the same order of magnitude as the effect of the horizon 
profile. 
Given the significance of shading losses in the circumsolar and horizon brightening components, their 
dependency on the particular geometrical framework was evaluated. 
 
Fig.4 shows the results of this exercise. Variations in the size of the circumsolar region do not affect 
the integrated results in more than 0.25%. However, the selection of the width of the Horizon Brightening 
band does have a strong influence on the final results (of the same order of magnitude than the total 
irradiance losses attributable to HB, see Fig.3). To more meaningfully represent irradiance distribution 
over the sky, an algorithm based on more detailed models (e.g. illuminance distribution functions) might 
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Hor. profile, trackers & shades (f)  
Horizon profile & trackers (e)  
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Only trackers (b)  
Only trackers, isotropic (a)  
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be required to dynamically adapt HB band on a time-step basis. 
 
 
Fig.4. Sensitivity of diffuse shading loss results to changing horizon-brightening-band width and circumsolar disk radius. 
All the results above are integrated for a complete tracker, yet variations among different points over 
the tracker are remarkable in most cases. Fig.5 contains histograms of the differences in incident 
irradiance (not considering beam shades) between the two lower corners (a) and between the upper- and 
lower-middle-points (b) of the studied tracker. With average absolute differences of 1.1% and 2.8% 
respectively, the assumption that diffuse irradiance is uniform over the complete tracker is not exactly 
true. Depending on string layout, these small differences in irradiance may lead to additional mismatch 
losses. 
 
 
Fig.5. Histograms of differences in irradiance among pairs of points of a single trackerdue to  
differentiated diffuse shading (one year, 0.5 hour steps). 
4. Conclusions and future work 
Results suggest that the effect of shading calculations based on an anisotropic sky model can have a 
significant influence in the calculated incident global irradiance over a tracker array (1% differences in 
annual available energy, for test case). The isotropic assumption seems to underestimate the strong 
shading effects in the circumsolar and horizon brightening components. Shading of the albedo component 
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by the tracker shades projected over the ground might have a noticeable impact on final yield predictions 
(0.36% for test case). Diffuse irradiance variability among different points of a single tracker (of up to 
15% in rare cases) is not considered by any commercial simulation software, yet might have the same 
order of magnitude as variability among different trackers; this effect could result in an additional 
irradiance mismatch contribution and thus be noteworthy for string layout and connection scheme 
optimization.  
Directions for future work could be summarized in the following points: 
x Benchmarking and validation with experimental data. 
x Improvement of diffuse shading model, to overcome dependency on geometrical framework used for 
calculation (adaptive horizon-brightening-band width / use of continuous illuminance functions). 
x Extension to different tracker types; irregular tracker arrays; inclusion of 3D landscape. 
x Investigation of the relative importance of simulation detail features for different technologies, plant 
sizes and weather conditions.  
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